INTRODUCTION
Ultrasonic (US) imaging techniques have been developed in medical and non destructive testing (NDT) fields. A more recent application of ultrasound imaging in air is for obstacle avoidance, proximity sensors and object vision. In these applications, beside of the transducer efficiency and bandwidth, the major goal is the improvement of the lateral resolution. For conventional imaging techniques, such as pulse-echo mode, a good lateral resolution is achieved only by using large transducers. On the other hand, when the investigated area is limited and in proximity of the sensors (e.g. in robot end-effectors), the goals of the US imaging system are small size, lightness and sufficient transducer efficiency to cover a range up to 40 cm. In this context ferroelectric polymers, Polyvinilydenefluoride (PVDF), transducers offer a cost effective solution for these requirements [l] . In this 1051-011719410000-0487 $4.00 1994 IEEE work an improvement of the image signal to noise ratio (SNR) and of the lateral resolution was obtained by gathering signals from PVDF multi-element arrays and combining them according to the synthetic aperture focussing technique (SAFT). The axial resolution was increased by widening the bandwidth via the combination of two series of transducers having different resonance frequencies. The potentials of a linear array of PVDF hemicylindrical transducers working at 60 kHz and 86 kHz to produce object profile images is also investigated. Two series of ten elements have been fabricated and characterized experimentally. Finally test tomographic images of a point reflector are reconstructed with SAFT based on ellipsoidal back projections already developed for NDT [3] and medical [2] applications with linear arrays.
THE PVDF HEMICYLINDRICAL RESONATOR
The energy conversion mechanism of this kind of piezoelectric resonator in air has been investigated and demonstrated at various US frequencies, up to 200 kHz [1] [4] . Substantially the transducer consists of a thin strip of Au metalized PVDF ferroelectric polymer that vibrates in the length extentional mode. When the film is curved in a hemicylindrical shape and is blocked along the smallest sides, the vibration is converted in a radial motion at a frequency that is inversely proportional to the mean bending radius as shown by the following relationship:
Resonance frequency f, = (1 IppVoFSE,, )'"/2?rr
where: r mean radius of cylinder, SE,, tangential elastic compliance, ppvoF average density of metalized film.
Prototypes were fabricated that have a radius varying from 5 mm up to 1 mm corresponding to an f, from 40 kHz and 200 kHz. At present it seems a good trade off between low cost, lightness, small size, acoustic impedance matching with air and resonance frequency range, and it lends itself to a variety of array configurations. The most important limits are the Q factor approximately equal to 7 and the wide main front lobe. The latter characteristic is an heavy drawback if the transducer is used in the conventional pulse-echo techniques, but in our case, it becomes the primary quality because the transducer is used in a multielement configuration according to the SAFT reconstruction [5].
Moreover the Q factor is reduced by combining two transducer series with different resonance frequency. A sketch of the transducer assembly is shown in Fig. 1 As shown in Fig.2 bottom, the composition of the two bandwidths doesn't provide a flat broad bandwidth due to the relative high Q . The averaged radiation front lobe diagrams in the horizontal direction are shown in Fig.3 . The two diagrams show a wide front lobe that confirm the theoretical assumption of a tiny focus on the cylinder axis. The variability on the sensitivity and the lobe shape between array elements is still high due to the lack of repeatability of the manual assembly process.
For the same reason it can be observed that the actual resonance frequencies are 60 and 86 lcHz respectively. When implemented in backscattering mode, the SAFT with multi-offset transducers demonstrates a better lateral resolution and an improved SNR in respect to conventional US B mode imaging. In our application it is used to investigate object profiles with tilted surfaces with respect to the array. The image formation with multi-offset transducer SAFT [6] consists of two steps: a) signal acquisition with complete data set method, b) back projection in the space domain of the collected signals with ellipsoidal scalar functions. In the complete data set method the single transmitting (TX) and receiving (RX) transducers are used separately, therefore different distances between TX and RX are considered. With large synthetic aperture and broad lobe transducers, the target is illuminated over a wide angle. In the first step of the acquisition process the signals are gathered from all possible combinations of the 60 kHz TX-RX pairs (Ll-LlO in Fig.1) . If 10 is the number of used transducers (N=10), when the acquisition is completed, the stored radiofrequency signals are NxN = 100. The process is then repeated for the 86 kHz transducers (Hl-HI0 in Fig.1 where: x is depth, k wave number, d array length, z offset from array central axis.
EXPERIMENTAL RESULTS
A quantitative evaluation of the spatial resolution attainable with the proposed imaging system is possible by the reconstruction of the system point spread function. The test-object consisting of a 0.4 mm diameter steel wire, about ten times lower than the minimum wavelength, is placed on the array central axis at depth of 91 mm, the vertical direction of the grey scale images. The horizontal direction corresponds to lateral offset from the array central axis. Fig. 4 and 5 illustrate the images obtained, with our laboratory system, by sampling the signals at a frequency of 312.5 kHz and 8 bit resolution, from the two arrays at 60 and 86 kHz respectively. The images are 128x128 pixel and 30x30 mm. Then we compounded the responses with raw data of the two arrays which results in the image shown in Fig. 6 . It can be seen that the lateral resolution is the same of the single frequency image, about 3 mm, while the axial resolution has been improved. Finally in Fig. 7 the axial cross sections of the three previous pictures are compared. The quantitative estimation of the -6 dB axial resolution is reported in Table 1 : These results show an improvement on the axial resolution but a deal of optimization remains in the choice of the transducer frequency. Ideally after the combination of two transducer frequency responses we would have a flat bandwidth but this was not completely achieved in our prototype system. The lateral cross sections displays some grating lobes caused by the coarse sampling of the array aperture at intervals greater than half wavelength. The processing time for the image reconstruction is about 40 s on a PC 486 processor for a 128x128 pixel image and 1OOx512=51 kbyte of input data.
CONCLUSIONS
The future work will address to the problems of the repeatability of the transducer characteristics, as sensitivity and bandwidth. Other transducer array configurations will be developed at higher resonance frequencies suitable for the integration of the system with robotic end effectors. On line signal preprocessing hardware as well as dedicated processing system for image reconstruction are under development [7] . 
